Abstract-In this letter, we demonstrate the limitations for 1 free space optical switch with a moving macro-lens. We use a deformable mirror to overcome these limitations. The adaptive mirror corrects for the aberrations. Power coupling efficiencies between 6 and 3 dB (including losses due to the optical elements) are feasible for an optical switch allowing up to 3019 receiver fibers.
I. INTRODUCTION

D
URING THE PAST few years, the demand for optical telecommunications has boomed [1] . In order to satisfy this demand, new optical switches are required to replace the electrical switches used up until now. Optical switches with a few interconnects (1 2, or 2 2) have been published for a couple of years [2] . Nevertheless, optical telecommunication networks need optical switches with large number of interconnects. Alignment tolerances, diffraction of the Gaussian beams, and aberrations are parameters which are more critical for optical switches with large number of interconnects than for optical switches with a few interconnects. Most of the published optical switches with large number of interconnects are using micromirrors with sizes in the range of 100-500 m [3] - [5] . These switches have relatively small collimated beams, which in the case of two-dimensional (2-D) micro-electro-mechanical system (MEMS) optical cross-connect, limit their expandability due to diffraction [6] . Another approach (without micromirrors) is to use a macro-lens and have larger collimated beams. With this approach, the diffraction of the Gaussian beam is less critical, but aberrations become significant. To overcome this drawback, there are two possible ways. One is to use a diffraction-limited designed lens [7] . The other way, which we have chosen, is to use a conventional lens and correct for the aberrations using an adaptive mirror. In this work, 1 optical switches are studied. Investigations are conducted to describe the physical properties of the switches and to determine their limitations. The merit function of optical switches is their power coupling efficiency. The limitations, mainly due to aberrations and misalignments of the optical components, are overcome using a micromachined deformable mirror. 
II. GENERAL CONCEPT
The optical system has two functions. First, it images a single-mode source fiber onto another single-mode receiver fiber (coupling function). Second, it deflects the beam to address one of the receiver fibers (switching function). Fig. 1 shows the system composed of a fiber bundle, a lens and a mirror.
III. DESCRIPTION OF THE DEFORMABLE MIRROR
We use a deformable mirror which is an adaptive membrane mirror fabricated by bulk silicon micromachining at the T. U. Delft [8] (see Fig. 2 ). Electrostatic deflection is generated by 37 electrodes disposed under the membrane in a hexagonal array. The maximum applied voltage is around 190 V. Since the membrane can only be deflected toward the electrodes, a bias voltage of is applied to the membrane to achieve bidirectional movement. The produced deflection corresponds to a concave mirror with a focal length of about 2 m. The initial setup is made to compensate this slight defocus. The membrane mirror has the capability to efficiently correct the first 15 Zernike polynomials. The optimization of the shape of the membrane for maximum power coupling efficiency of each connection is obtained with the help of an evolutionary algorithm [9] . It can be described by the following operations: reproduction, mutation, competition, and selection. In our model, each possible shape of the mirror is an individual. This individual is described by the weights given to the first 15 Zernike polynomials to deflect the membrane. The weights given to the polynomials are the genetic code of the individual. Fig. 3 shows the block diagram with the main steps of the algorithm. The maximum efficiency is usually obtained after less than 20 iterations.
IV. EXPERIMENTAL SETUP
The experimental setup is schematically shown in Fig. 4 . Light emitted from a He-Ne laser ( nm) is coupled into a single-mode fiber (SMF) using an aspheric lens. A 92%/8% coupler splits the signal into a reference fiber and a source fiber the lens, whereas the mirror is placed in the back focal plane. The lens is an achromat of focal length mm with an antireflective coating (reflectance 0.3 ). The achromat is a commercially available doublet (Linos # 322 209) made of SF2 ( at 633 nm) and BK7 ( at 633 nm). Switching from the source fiber to any of the 31 receiver fibers is possible by moving the achromat laterally using a precision x-y stage with a resolution of 0.14 m and a speed of 80 m/s. The signals from the receiver fiber and the reference fiber are detected with calibrated silicon photodiodes. The ratio of the receiver and the reference signal gives the coupling efficiency. The way we use the linear array of fibers, the source fiber at one end demonstrates the feasibility of a system which is twice as large with symmetric displacement of the achromat. The 32 fiber linear array can, therefore, demonstrate the feasibility of a 1 62 one-dimensional (1-D) system. Moreover, 2-D arrays of fibers can be switched if the achromat is displaced in both x and y directions. The 32 fiber linear array can, thus, demonstrate the feasibility of a 1 3019 2-D system.
V. RESULTS
In general, after ten generations, the algorithm has converged (see Fig. 5 ). The important parameters to get good convergence are the amount of mutations, as well as the number of modes used. Fifteen to twenty modes are enough for the optimization. If less than fifteen modes are used, the optimization is not optimal. With more than twenty modes, the algorithm gets slower without a significant improvement of the result. It is not astonishing that the number of useful modes is in the 15-20 range as it corresponds to the aberrations up to the sixth order (secondary aberrations). The optimization time is several minutes. However, each connection has its own optimized deformation which can be memorized, storing the voltages applied on each electrode. With these preset values and thanks to the good repeatability of the deformation of the membrane [10] , the optimized deformation can be recalled for later connection to the same receiver fiber. Experimentally, no significant decrease of the coupling efficiency was measured in recalling specific deformations. Fig. 6 shows the coupling efficiency of our system using the deformable mirror, compared to the same system with a conventional flat mirror. The flat mirror system has a rapidly decreasing power coupling efficiency with the increasing number of receiver fibers. For comparison, the optimized power coupling efficiency using the deformable mirror is between 25% and 51% for all fibers and shows no fading with increasing fiber number. The measured crosstalk is less than 30 dB (detection limit). The total loss due to the optical elements is estimated to be 22%, by considering two interfaces between the receiver fiber and air with 4% Fresnel losses each, 1% transmission loss inside the achromat, and 0.3% of reflectance at both interfaces and a reflectivity of 87% for the mirror. The difference between the maximum coupling efficiency (78%) and the measured ones (51%) has several reasons. First, the mirror we used has a large astigmatism at rest, because of residual stress in the membrane. Simulations show that an astigmatism of leads to a decrease of the coupling efficiency by 50%. The measured deviation of the membrane from the perfect plane corresponds to at rest.
corresponds to a quarter of the correction range of the mirror. Although the mirror has the potential to correct its own imperfections, this limits the ability to further correct the system aberrations. A second point limits the performance of the mirror: the instability of the voltage supply. Fluctuations have been measured which lead to deformation fluctuations of 0.1 m at the center of the membrane at maximum voltage V.
VI. CONCLUSION
We have shown how a deformable membrane mirror can correct the aberrations of an optical switching system. The measured coupling efficiencies for connections up to the 31th receiver fiber of a 1-D one-directional system are found to be between 25% and 51% (including the 22% losses due to the optical components). Compared to an optical system without correction of the aberrations, the system with the deformable mirror is better for connections beyond the eighth receiver fiber (see Fig. 6 ). We have demonstrated the feasibility of a 1-D one-directional 1 31 optical switching system, which corresponds to a 1 3019 2-D system. The limit is given by the size of the achromat and its lateral displacement required for the switching. A larger achromat (with a larger focal length) and a larger deformable mirror should be able to address more receiver fibers. The correction of aberrations was limited in our experiments by the residual stress of the membrane. Deformable membrane mirrors with almost no stress have been reported [8] and would improve the coupling efficiency by around 10%. Because of the hexagonal geometry of the electrode structure, some types of aberrations can be corrected more easily than others. For example, the secondary astigmatism (or ashtray) is particularly well adapted to be corrected by a hexagonal structure of electrodes. In contrary, the spherical aberration is more difficult to correct, since the center part of the membrane has to be pushed and a circular ring has to be pulled. A circular structure of electrodes would be more adapted for such a deformation. Deformable membrane mirrors with different electrode structures are commercially available [11] and show the feasibility of such improvements. 
